Local cerebral glucose utilization was mea sured with the autoradiographic [14C]deoxyglucose method in rats at 2 days and 1, 4, 8, and 12 weeks after the construction of a portacaval shunt, and in weight-matched controls. Local glucose utilization in brain was altered in shunted animals, but the magnitude and direction of the changes differed among 36 neuroanatomical structures, depending upon the length of time that the animals had been shunted. In rats shunted for 4 weeks or less, glucose utilization did not differ from control (30 of 36 structures) or was decreased (6 structures). The largest decreases of glucose utilization, noted at 1 week, occurred in the pa rietal (-25%) and frontal cortices (-28%) and subcort ical white matter ( -50%). In rats shunted for 8 weeks, however, glucose utilization was higher than control in many brain structures (13 of 36), and after 12 weeks it was higher than control in most structures (25 of 36). Only the parietal cortex did not follow this trend; it exhibited
The chronic diversion of portal venous blood from the liver into the systemic circulation can lead to hepatic encephalopathy, even in the absence of pri mary liver disease (McDermott and Adams, 1954; Finlayson and Superville, 1981) . The cause of the encephalopathy is not known, but an abnormal ac cumulation of ammonia in the blood circulating to the brain is thought to be a major factor (Conn and Lieberthal, 1979) . Ammonia is a neurotoxin, and increases in its plasma concentration often precede the manifestation of neurological symptoms in pa tients with liver failure and portal-systemic shunting of blood. Moreover, in patients with chronic liver disease and portal-systemic shunting, administra tion of ammonium salts can elicit a reaction that is clinically indistinguishable from impending hepatic coma (Phillips et aI., 1952; McDermott and Adams, 1954) . a decreased rate of glucose utilization in rats shunted for 8 weeks ( -21 %) that normalized in animals shunted for 12 weeks. Portal-systemic shunting of blood increased arterial blood ammonia concentrations to twice the con trol value of 85 ± 3 J.1M in animals shunted for 1 week, and to �2.5 times control in animals shunted for 4-12 weeks. Kety-Schmidt measurements of cerebral blood flow and arterial-venous (torcular) differences for am monia across the brains of control rats and rats with por tacaval shunts for 8 weeks revealed an increased cerebral uptake of ammonia in the shunted animals. The late-de veloping morphological changes known to occur in astro cytes and the delayed increases in local glucose con sumption in rats with portacaval shunts may be related, and represent an adaptive response to sustained hyper ammonemia. Key Words: Ammonia-Astrocytes-He patic encephalopathy-Local cerebral glucose utiliza tion-Portacaval shunt.
Deranged cerebral energy metabolism is believed to contribute to the pathophysiology of hepatic coma (Schenker et aI., 1967; Hindfelt et aI., 1977; Mc Candless and Schenker, 1981) . Patients with liver cirrhosis and portal-systemic shunting have in creased cerebral blood flow (CBF) and either normal or increased rates of cerebral oxygen and glucose consumption if there is no neurological dysfunction; however, when encephalopathy is evident, both CBF and cerebral oxidative metabolism are depressed, and the magnitude of the changes tends to parallel the severity of the neurological symptoms (Posner and Plum, 1960; Bianchi Porro et aI., 1969) . The effects of portal-systemic shunting on the CBF and metabolism of experimental animals appears to de pend upon the recovery interval after the surgical procedure. Acute shunting in dogs has been re ported to cause transient increases in CBF and ce rebral oxygen and glucose consumption, followed by decreases in these variables (James et aI., 1972) . In rats, chronic shunting produced a delayed in-crease in CBF, and either unchanged or decreased cerebral oxygen consumption in response to an am monia challenge, depending upon whether the ani mals had been shunted for 4 or 8 weeks, respec tively (Gjedde et aI., 1978) .
This report is an assessment of local cerebral glu cose metabolism in adult rats at intervals from 2 days to 12 weeks after the surgical construction of a portacaval anastomosis. Measurements were ob tained with the 2-[ I4 C]deoxyglucose autoradio graphic method (Sokoloff et aI., 1977) , and, in par allel groups of control rats and rats with portacaval shunts for 8 weeks, CBF and cerebral ammonia up take were determined by a modified Kety-Schmidt procedure. Preliminary results have been reported previously (Duffy and Cruz, 1979) .
METHODS AND MATERIALS

Animals and operative techniques
End-to-side portacaval anastomoses were constructed in adult male Wistar rats (Charles River Breeding Farms, Wilmington, MA, U.S.A.) weighing 240-290 g. The sur gical procedure was similar to that described by Lee and Fisher (1961) . The rats were anesthetized with I.S% halo thane for the initial abdominal incision; then the halo thane was reduced to 0.7% for the remainder of the pro cedure (occlusion and suturing of the portal vein and in ferior vena cava). The portal vein was gently separated from the hepatic artery and cleaned of fat and connective tissue. Thereafter, the portal vein and inferior vena cava were simultaneously occluded for 1O-IS min. The anas tomosis was performed with no. 7-0 braided silk attached to a BV -l taper needle (Ethicon, Inc., Somerville, NJ, U.S.A.); a continuous suture technique was employed, with 6-8 stitches on each side of the vena cava and portal vein. Bleeding after release of the clamps was minimal. The shunting procedure was successful in �9S% of the animals; they exhibited normal behavior within 1 h after withdrawal of halothane. After surgery, the rats were housed in solid-bottom plastic cages with pine bedding and were afforded unlimited access to Purina rat chow and water until the morning of the experiment. All por tacaval shunts were checked by retrograde injection of physiological saline into the inferior vena cava at the time of killing and were found to be patent.
Determination of local cerebral glucose utilization
Local cerebral glucose utilization was measured ac cording to the 2-deoxyglucose method described by So koloff et al. (1977) . On the day of the experiment, shunted and weight-matched control rats were anesthetized with I.S% halothane, and polyethylene catheters (PE-SO) filled with 0.9% NaCI containing 3 Ulml of heparin were in serted into the right femoral artery and vein. The wound was closed with sutures, and halothane was withdrawn. The animals were restrained by the hindquarters on an acrylic plastic block and were permitted to recover from anesthesia for 3-3.S h. Rectal temperature was main tained at 37.S ± OSC with a thermistor-controlled heating lamp. An arterial blood sample (0.1 ml) was then with drawn for measurement of Po2, Peo2, and pH, and an J Cereh Blood Flow Melahol, Vol. 3, No.3. 1983 additional sample (0.1 ml) was immediately acidified in 2 volumes of ice-cold 1.2 M HCI0 4 . The acidified blood samples were mixed and frozen at -80°C prior to their extraction and analysis for ammonia and �-hydroxybu tyrate.
Measurements of local glucose utilization were initi ated by the i. v. injection of O.S m12-deoxy-[U-14C]glucose (100 f,LCi/ml, 300 mCi/mmol; New England Nuclear, Boston, MA, U.S.A.), dissolved in 0.9% NaCI. Arterial blood samples (�0.1 ml) were obtained at frequent inter vals, beginning immediately upon injection of the radioiso tope, in order to define the peak of the plasma 2-[14C]deoxyglucose concentration and its clearance curve. The blood samples were collected into heparinized plastic tubes and centrifuged in a Microfuge (Beckman Instru ments, Porterville, CA, U.S.A) to obtain the plasma. The glucose content of the arterial plasma was determined on lO-f,LI samples by the glucose oxidase method, with the aid of a Glucose Analyzer-2 (Beckman Instruments). Ra dioactivity was determined on IS-f,LI volumes of plasma which were added to scintillation vials together with I ml water and IS ml Omnifluor®-dioxane (New England Nu clear). The samples were counted in a Searle Mark III liquid scintillation spectrometer and were calibrated by external standardization.
Forty-five minutes after the injection of 2_[14C]_ deoxyglucose, the rats were decapitated by guillo tine, and the brains were rapidly removed and frozen in Freon-12 chilled to -6SOC. After IS min, the brains were coated with ice-cold embedding matrix (Lipshaw Manu facturing Co., Detroit, MI, U.S.A.), mounted on object holders, and stored in plastic bags at -70°C. Coronal sections of the frozen brains were cut at 20-f,Lffi thick nesses in a cryostat (American Optical Co., Buffalo, NY, U.S.A.) maintained at -22°C. The sections were mounted on glass cover slips, dried on a hot plate at SsoC, and exposed in nonintensifying cassettes (Rigidform Titan; U.S. Radium Corp., Brooklyn, NY, U.S.A.) to Kodak SB-S medical X-ray film, together with calibrated [l4C]methylmethacrylate standards (New England Nu clear). Autoradiographs were developed after 3-day ex posures. The optical densities of portions of the films that corresponded to the standards and to identifiable neu roanatomical structures were measured with a densitom eter (Gamma Scientific, Inc., San Diego, CA, U.S.A.) equipped with a O.IS-mm aperture. Local glucose utili zation was calculated with the operational equation, the lumped constant, and the rate constants for gray and white matter reported by Sokoloff et al. (1977) for normal rats.
Measurement of CBF and ammonia uptake
For the measurement of CBF, control rats and rats with portacaval shunts for 8 weeks were anesthetized with die thyl ether for the insertion of polyethylene catheters (PE SO) into the tail artery and right external jugular vein. The jugular venous catheter was advanced into the superior vena cava, secured to a neck muscle, and exteriorized through the back. A 1-mm hole was drilled through the calvarium overlying the torcular until only a thin sheet of bone remained. All wounds were then closed with su tures, and the rats were allowed to recover overnight. The animals had unlimited access to Purina rat chow and water until 3 h before the experiment on the following day.
At the time of the experiment, the rat was placed in a fenestrated acrylic plastic restrainer, with its upper inci sors positioned over a bar and its head secured by a nose brace (Veech et aI., 1973) . A guillotine was fitted across the animal restrainer so that the rat could be decapitated in place. The restrained animal was then inserted into a 2-L clear plastic bag which was continuously flushed with a gas mixture consisting of 20% Oz and 75-80% Nz, to which was added a variable amount of gaseous COz to produce a Pacoz in the rats between 35 and 40 mm Hg. Arterial blood pressure was monitored continuously, and arterial blood samples were obtained intermittently for measurements of Po2, PC02, and pH. Rectal temperature was maintained at 37.5 ± 0.5°C with a thermistor probe connected to a heating lamp. When the animals had equi librated on the inspiratory mixture for at least 10 min, a small slit was made in the plastic bag to afford access to the torcular and the jugular vein catheter. The torcular was then punctured to a depth of 3 mm with a 21-gauge butterfly needle which had been cut and beveled. Within 1 min of opening the torcular, simultaneous arterial (tail) and cerebral venous (torcular) blood samples were col lected anaerobically for measurement of ammonia, and CBF was measured by a modification (Sage et aI., 1981) of the indicator-fractionation method of Van Uitert and Levy (1978) . Briefly, the procedure for measurement of CBP in volved the injection of a 0.2-ml bolus of n-[1-14Clbutanol (5 ILCi dissolved in 0.9% NaCl, 1.7 mCiimmol; New En gland Nuclear) into the jugular vein catheter while ar terial blood was collected continuously into PE-60 tubing at a constant rate of 1.57 mllmin by a Harvard pump. Exactly 5 s later, the rat was decapitated and the arterial catheter was simultaneously removed from the tail. The brain was rapidly excised, and samples of frontal and parieto-occipital cortices from both hemispheres were dissected, weighed, and dissolved overnight in Protosol® at 55°C prior to counting the radioactivity. The arterial blood collected in the PE-60 tubing was expelled into a pre weighed scintillation vial containing 1.0 ml water. The vial was reweighed, and an aliquot (50 ILl) of the mixture was taken for measurement of radioactivity.
CBP was calculated according to the equation:
Qt·Mb in which Qb is the quantity of radioactivity in brain av eraged from the four cortical regions, Mb is the brain weight averaged from the same regions, Qt is the quantity of radioactivity accumulated in the PE-60 tubing, and Ft is the rate of withdrawal of blood into the tubing. The cerebral metabolic rate for ammonia was calculated by multiplying the CBF by the arterial-venous concentration difference for ammonia across the brain.
Physiological measurements
Blood pressure was monitored from the femoral or tail artery with a Statham transducer connected to a Beckman recorder. Arterial blood Paz and Pcoz were measured with a microelectrode system (L. Eschweiler and Co., Kiel, ER.G.). Arterial blood pH was determined with a Radi ometer (Copenhagen, Denmark) microelectrode.
Extractions and biochemical assays
Whole-blood samples for substrate analysis were de proteinized with 2 volumes of 1.2 M perchloric acid and centrifuged. The supernates were neutralized with KHC03; the potassium perchlorate was removed by cen trifugation, and the extracts were stored at -70°C until they were assayed fluorometrically for ammonia and [ 
RESULTS
Physiological variables and blood chemistries
The body weights of rats with portacaval shunts fell to between 73% and 90% of their preoperative values during the first week after surgery (Table O. Thereafter, body weights averaged 16% below the preoperative weights until 12 weeks, when most an imals showed a small weight gain. The body weights of shunted animals were always 30-50% below those of unoperated, age-matched rats within the period of these experiments.
The shunting procedure had little effect on the mean arterial blood pressure, blood gases, or pH of the animals (Table 1) . Statistically significant changes in P a02 and blood pressure were observed in ani mals shunted for 12 weeks, but these were small « 13%) and of little physiological significance.
Arterial ammonia concentrations were increased at 2 days after shunting, and were twice normal by 1 week (Table 2) . At 4 weeks, blood ammonia con centrations had risen to -2.5 times normal and in creased only slightly thereafter. Plasma glucose concentrations decreased by 20% during the first week after shunting and stabilized at a level -30% below control over the period of 4-12 weeks. Ar terial concentrations of l3-hydroxybutyrate in shunted animals were not significantly different from control values at any time ( Table 2 ). The finding of decreased arterial glucose but unchanged l3-hydroxybutyrate concentrations in shunted rats agrees with earlier reports (Kyu and Cavanagh, 1970; Federspil et aI., 1980; Sarna et aI., 1981) .
Local cerebral glucose utilization
Local cerebral glucose utilization was measured in 36 neuroanatomical structures of control rats and of rats shunted for 2 days and 1, 4, 8, and 12 weeks (Table 3 ; Fig. 1 ). In the control animals, the rates of glucose metabolism obtained for most cerebral structures are similar to values reported previously (Sokoloff et al., 1977; Savaki et al., 1982) for rats that had been operated under halothane anesthesia and studied 3 h later, when the animals were awake but restrained. The rates of glucose utilization varied considerably among gray matter structures, ranging from 56 f,Lmolll00 g/min in the pontine gray matter to 159 f,Lmolll00 g/min in the inferior colliculus. White matter structures had lower rates of glucose utilization compared to gray matter structures.
Portal-systemic shunting of blood altered local glucose utilization in brain, but the magnitude and direction of the changes varied with the length of time that the animals had been shunted. At 2 days or 1 week after construction of the shunt, glucose utilization did not differ from that of controls in 30 of 36 structures (data not shown), but was signifi cantly decreased in the thalamus and medial genic ulate nucleus at 2 days, in the habenula at 1 week, and in the frontal and parietal cortices and sub cortical white matter at both of these early time points (Fig. 1) . In animals shunted for 4 weeks, glu-cose utilization was similar to that of controls in all structures, except the parietal cortex and subcor tical white matter, where it remained low (Table 3) . By 8 weeks after shunting, however, many struc tures (13 of 36) showed increased rates of glucose utilization, and by 12 weeks after shunting, most structures (25 of 36) showed increased rates of glu cose utilization (Table 3 ). In the parietal cortex, glu cose utilization remained below control values in animals shunted for 8 weeks, but returned to within normal limits in animals shunted for 12 weeks.
Cerebral blood flow and ammonia uptake
Cerebral blood flow in the control animals aver aged 133 mIll 00 g/min and was increased slightly, though not significantly, in rats shunted for 8 weeks (Table 4 ). In the control animals, the arterial-ve nous differences for ammonia across the brain were not different from zero (Table 4 ). In the hyperam monemic animals that were shunted for 8 weeks, however, a positive arterial-venous difference for ammonia was observed (48 ± 15 f,LM; p < 0.01), and the calculated cerebral metabolic rate for am monia (8.4 ± 3.5 f,LmolllOO g/min) indicated signif icant uptake of ammonia by the brain. 
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DISCUSSION
Portacaval shunting
The early phase of recovery (1-3 weeks) of rats after construction of the portacaval shunt involves a transition to a metabolic state that resembles, in part, the "high catabolic state" of postsurgical pa tients (O'Keefe et aI., 1981) . The animals lose weight acutely (Table 1 ; Kyu and Cavanagh, 1970) , and liver glycogen stores (Rossouw et aI., 1978) and plasma glucose concentrations decline ( Table 3 for the respective brain regions. The standard error of the mean for values obtained with animals shunted for 2 days or 1 week (not reported in Table 3 uted to reduced food intake (Pector et a1., 1978) , possibly the result of direct inhibition of the central mechanism for appetite by increased concentra tions of circulating ammonia (Noda and Chikamori, 1976 ). Furthermore, the increased molar ratio of glucagon to insulin in plasma that develops after portacaval shunting (Rossouw et a1., 1978) would be expected to promote protein breakdown in skel etal muscle (Soeters and Fischer, 1976; Marchesini et a1., 1981) and mobilization of lipids from adipose tissue depots. Lipid catabolism could increase the concentrations of plasma ketone bodies which, in turn, could act as supplemental fuels for cerebral oxidative metabolism (Owen et al., 1967) , sparing glucose. Shunted rats have increased plasma free fatty acid levels (Sarna et aI., 1981) , and in this re gard they mimic the metabolic condition of chron ically fasted animals. However, they differ from fasted rats because their plasma ketone bodies are not elevated (Parilla, 1978; Federspil et al., 1980; Sarna et aI., 1981) , even as early as 2 days after shunting (Table 2) . By 4 weeks after construction of the shunt, rats appear to have reached a new met abolic steady state when slight weight gains are ob served, and plasma glucose and blood ammonia at tain the concentrations that are subsequently main tained for up to 12 weeks ( Table 2) .
Validity of the 2-deoxyglucose method in shunted rats
Large changes in the plasma glucose concentra tion can alter the lumped constant used to calculate cerebral glucose utilization by the 2-deoxyglucose method (Crane et aI., 1981; Suda et aI., 1981; So koloff, 1982) . It is unlikely, however, that changes in the lumped constant contributed to the altera tions of local cerebral glucose utilization that were observed in the present study (Table 3 ; Fig. 1 ). Suda et ai. (1981) found no measurable changes in the lumped constant at plasma glucose concentrations ranging from 5.0 to 8.8 mM in rats. This range en compasses all of the plasma glucose concentrations observed in rats with portacaval shunts ( Table 2) . The mean plasma glucose concentration of the con trol animals (10.6 mM) is above the range of values reported by Suda et ai. (1981) . However, Sokoloff (1982) observed no detectable influence on the mea sured rate of local cerebral glucose utilization in normal rats with plasma glucose concentrations ranging from 5 to 15 mM. This implies that, at least with respect to differences in plasma glucose con centrations, the normal lumped constant and the normal rate constants are adequate to describe local cerebral glucose utilization in the control and shunted animals of the present study. Moreover, even though plasma glucose concentrations de- Values are means ± SEM for the number of animals in parentheses.
dined in the present study from the control value of 10.6 to 8.0 mM at 1 week after portacaval shunting, they varied only slightly (6.8 to 7.6 mM) from 4-12 weeks, the period over which regional increases in local glucose utilization were most prominent (Table 3) .
Decreased CBF and/or impaired transport of glu cose and 2-deoxyglucose across the blood-brain barrier can influence measurements of local cere bral glucose utilization, obtained with the 2-deoxy glucose method, by lowering the rate constants for 2-deoxyglucose and glucose entry into and exit from the brain (Sokoloff et aI., 1977; Hawkins et aI., 1981) . However, errors introduced by changes in these variables were probably negligible in the present ex periments: CBF either remains the same or in creases after portacaval anastomosis in rats (Ekl6f et aI., 1974; Gjedde et aI., 1978; Ta ble 4) , and the unidirectional transport of glucose across the blood brain barrier is unaltered after shunting [available data are for rats at 2-3 weeks after construction of the shunt (James et aI., 1978; Sarna et aI., 1979) ].
Local cerebral glucose utilization
In view of previous work showing that ammonia stimulates global cerebral glucose utilization (Hawkins et aI., 1973) , presumably by enhancing phosphofructokinase activity (Lowry and Passon neau, 1966) , it was anticipated that portacaval shunting would be associated with increases of local cerebral glucose metabolism, which would be evi dent as early as 2-7 days after shunting. However, the metabolic changes in the brains of shunted rats did not parallel the rise in blood ammonia. During the first postoperative week, when the blood am monia concentration had already doubled, glucose metabolism either remained the same or decreased in all structures examined. The reduction of glucose utilization was greatest in the cerebral cortex and subcortical white matter (Fig. 1) . These results are consistent with the 20% reduction of the cerebral metabolic rate for oxygen that Ekl6f et ai. (1974) observed in rats with portacaval shunts for 1 week, and with the 55% reduction of glucose utilization obtained by Nieto et ai. (1980) with cerebral cortical slices prepared from rats that had been shunted for a similar length of time. The cause of the depressed cerebral metabolic activity is unclear, but it may be a consequence of impaired brain function. Rats with portacaval shunts for 2 weeks or less exhibit no grossly abnormal behaviors, but they do appear to groom themselves infrequently and to be less re sponsive to ordinary laboratory stimuli.
During the span of 4-12 weeks after construction of the shunt, progressive increases in glucose me-tabolism became evident in many structures, whereas glucose metabolism of the cortical areas only normalized. Evolution of changes in local glu cose utilization took place at late times after shunting, when blood ammonia concentrations were elevated but constant. Therefore, either the regional in creases of glucose metabolism are unrelated to hy perammonemia or they represent some cellular adaptation to hyperammonemia that depends on the attainment of threshold concentrations of ammonia in brain, and more subtle factors (e.g., enzyme in duction in glia cells) (Norenberg, 1976) .
Involvement of astrocytes
Portal-systemic shunting in rats produces mainly astrocytic pathology, and the abnormalities can be demonstrated consistently only after 3-4 weeks (Cavanagh and Kyu, 1971; Laursen, 1982) . The number and size of the protoplasmic astrocytes in crease, and their nuclei assume irregular shapes. At the ultrastructural level, the cells appear to con tain increased amounts of endoplasmic reticulum, mitochondria, lysosomes, and glial filaments, prompting several investigators to suggest that, col lectively, the changes are indicative of increased metabolic activity in these cells (Zamora et aI., 1973; Norenberg, 1977; Laursen, 1982) . The astrocytic abnormalities do not occur uniformly throughout the brain, but develop earlier and are more distinct in the basal ganglia, cerebellum, and brainstem, com pared to the cerebral cortex and thalamus (Zamora et aI., 1973) . A similar pattern of astrocytic pa thology can be produced experimentally by treat ments that chronically raise brain and blood am monia concentrations (Cole et aI., 1972; Gibson et aI., 1974) .
Many of the neurochemical structures that de velop astrocytic pathology after portacaval shunting in rats (e.g., globus pallidus, basal ganglia, cere bellum, pontine, subthalamic, and vestibular nuclei) were found to exhibit increased rates of glucose uti lization at 8 and 12 weeks after construction of the shunt (Fig. 1, Table 3 ). It is possible, therefore, that these two late-developing events are related, and are caused by chronic hyperammonemia. The met abolic capacity of astrocytes is high, and compa rable to that of neurons (Hertz, 1981) , probably re flecting the work performed by astrocytes in regu lating the concentration of K +, NH4 +, and other ions in the extracellular fluid of the brain (Henn et aI., 1972) . An accumulation of ammonia in the ex tracellular fluid, secondary to the hyperammonemia produced by portal-systemic shunting of blood (Table  2) , could enhance the energy requirements of astro cytes in two ways. First, NH4 + can substitute for K + to stimulate the membrane Na + , K + -activated AT Pase (Skou, 1960) , the activity of which appears to be high in astrocytes (Torack and Barrnett, 1964) . Increased concentrations of NH4 + in the incubation medium will promote the extrusion of K + from brain slices, possibly by interfering with K + and Na + exchange across cellular membranes (Binstock and Lecar, 1969; Benjamin et aI., 1978) . Elevated extracellular concentrations of K + will stimulate cerebral glucose consumption, and the metabolic response appears to be greater in astrocytes than in neurons (Hertz, 1981) . Second, astrocytes appear to be uniquely involved in the cerebral detoxifica tion of ammonia to glutamine, an energy-dependent process. Blood-borne ammonia that enters brain is normally incorporated into glutamine in a small pool of glutamate that turns over rapidly (Bed et aI., 1962; Cooper et aI., 1979) . Because virtually all of the brain's glutamine synthetase activity is con fined to astrocytes (Norenberg and Martinez-Her nandez, 1979) , the astrocytic compartment is be lieved to constitute the anatomical locus of this "small glutamate pool" (Balazs et aI., 1970; Cooper et al., 1979) . Increased energy consumption in as trocytes could arise from the detoxification of in creased concentrations of brain ammonia, and this hypothesis is supported by the observation that the cerebral uptake of ammonia (Table 4 ) and release of glutamine (Gjedde et aI., 1978) were greater in rats shunted for 8 weeks than in controls.
Increased ammonia detoxification may con tribute to the hypermetabolic activity observed in many subcortical structures of rats shunted for 8-12 weeks, but other mechanisms must be respon sible for the reduced rate of glucose utilization in the cerebral cortex of animals shunted for 8 weeks or less ( Fig. 1; Table 3 ). Determination of whether the depression of metabolic activity in the cerebral cortex represents a selective action of ammonia to inhibit cortical metabolic (Lockwood et aI., 1982) or functional activity, or results from some other complication of portal-systemic shunting, will re quire further investigation.
Note added in proof: After our paper had been ac cepted for pUblication, Mans et al. (1983) reported that cerebral glucose utilization, measured with [2_14C]glucose, was decreased an average of 20% in almost all brain struc tures of rats with portacaval shunts for 4 to 8 weeks. We question the validity of these findings for the following reasons.
(1) To correct for unmetabolized [2_14C]glucose activity in their autoradiographs, Mans et al. (1983) computed the brain [2_14C]glucose content at the time of killing (10 min) from the product of the plasma [2_14C]glucose specific activity and the brain-to-plasma glucose ratio (Hawkins J Cereb Blood Flow Me/abol, Vol. 3. No.3, 1983 et aI., 1979 . For the calculations, Mans et al. (1983) used brain-to-plasma glucose ratios of 0.26 and 0.22 for their N20-sedated control and unrestrained control groups, re spectively, but measured a brain-to-plasma glucose ratio of 0.33 (2.617.9) for one of these groups (not identified). If the measured ratio of 0.3 3 had been used to compute the unreacted [2_14C]glucose activity in the control brains, then the calculated amount of metabolized 14C activity would have decreased correspondingly. The difference is not trivial because, according to Hawkins et al. (1979), unreacted [2_14C] glucose accounts for �20% of the total 14C activity in brain, measured at 10 min after i.v. injec tion of [2_14C]glucose into rats. Underestimation of the amount of unreacted [2_14C]glucose remaining in the brains of the control animals would lead to falsely high calcu lated rates of regional cerebral glucose utilization in the controls and could account for the apparently lower rates of glucose utilization (relative to control) that Mans et al. (1983) obtained in many brain areas of their shunted animals.
(2) Correction for loss of 14C02 from brain after i. v. administration of [2_14C]glucose is essential for quantita tive measurements of cerebral glucose utilization, be cause loss of 14C02 is rapid, and errors introduced by ignoring 14C02 loss may be large (up to 23%; Hawkins et aI., 1979) . Mans et al. (1983) state that "the rate constants for 14C02 loss from brain were determined in shunted and control animals as previously described (Hawkins et aI., 1979)" and that "they were nearly identical: 0.073 (con trol) and 0.075 gill-mol (shunt)." In fact, these values are not rate constants, but are defined by Hawkins et al. (1979) as the reciprocals of the effective pool sizes into which metabolized glucose carbon could be expected to distribute in brain. Hawkins et al. (1979) assigned a value of 25 Il-mollg (reciprocal = 0.04 gill-mol) to this pool for 225-275 g control rats. How Mans et al. (1983) computed a pool size of nearly one-half this value (13.3 Il-mollg) for control rats of similar body weights is not explained or justified. Since brain glutamine concentrations triple to 13-14 Il-mollg (equaling the computed pool size) after por tacaval shunting in rats (Cremer et aI., 1975; Hindfelt et aI., 1977) and [2_14C]glucose has access to the glutamine pool(s) (Cremer et aI., 1975) , it is inconceivable to us that the "effective pool size" for metabolized glucose would be similar in the brains of control and shunted rats.
(3) Mans et al. (1983) determined regional cerebral glu cose utilization "with [2_14C]glucose as described by Hawkins et al. (1979) , using a modification of the calcu lations (Lu et aI., 1982) ." The Lu et al. (1982) reference is a short abstract that discusses a 5-min adaptation of the lO-min procedure for measuring regional cerebral glu cose utilization with [2_14C]glucose. No calculations are given in this abstract, and since Mans et al. (1983) carried out their measurements for 10 min, the nature of the "modification of the calculations" applied by Mans et al. (1983) is indeterminate.
